We report on a novel type of screw conveyor dryer (SCD) with passive heating by an annular heat pipe, 'Heat Pipe Screw Dryer' (HPSD). It was firstly optimised, with its best performance corresponding to the lowest thermal resistances of 0.08-0.18 °C/W achieved at 11% filling ratio and in horizontal orientation. It was applied in the drying of a ceramic raw material slurry (initial moisture 33 wt. %).
Research highlights:
 A hybrid technology of material conveyance and drying, termed as Heat Pipe Screw Dryer.
 The heat pipe was characterised to provide the best thermal performance.
 Highest moisture reduction of 46% obtained at 200 o C and 260s residence time.
 Energy efficiency was 2.04 kg/kWh, higher than most conventional dryers.
 Overall heat transfer coefficients were ~35% higher than a competing steam-SCD. Figure 1 . The Heat Pipe Screw Dryer is based on two technologies: (a) screw conveyor dryers [10] and (b) heat pipes [14] . The figures show a common configuration for both technologies.
Heat pipes transfer heat more efficiently and evenly than solid conductors due to their excellent effective thermal conductivities, which can range from 10 to 10,000 times (4,000 to 4,000,0000 W/m.K) the effective thermal conductivity of copper, depending on the length of the heat pipe [15] ).
Heat pipes generally consist of three distinct sections: the evaporator for heat input into the working fluid, the condenser for heat release from the condensate (Figure 1(b) ) and the adiabatic section in between, where no heat exchange occurs with the environment. The fabrication of a heat pipe device involves firstly filling it with a pre-defined quantity of working fluid e.g. water, acetone, nitrogen, methanol, ammonia or sodium, depending on application and compatibility with the container material. Vacuum condition is then created to lower its boiling point. Heat is absorbed at the evaporator by vaporising the working fluid. The vapour transports heat to the condenser region where the condensed vapour releases heat to a cooling medium. The condensed working fluid is returned to the evaporator by gravity (in thermosiphons) or by the heat pipe's wick structure, creating capillary action. A properly designed heat pipe is capable of maintaining near isothermal condition along its length, indicative of a negligible axial thermal resistance, as well as being highly responsive towards temperature fluctuations [16] .
The main difference between the annular heat pipes and conventional heat pipes is that the crosssection of the vapour space in the former is annular instead of being circular ( Figure 3 shows the crosssection of our investigated annular heat pipe), thereby the surface area for heat input and output can be significantly increased without increasing the outer diameter of the pipe [17] . This type of heat pipes is uncommon in literature but have been investigated as an isothermal furnace [18] and as a passive control of exothermic reactions [19] . Its use for the drying of conveyed slurry material is novel and therefore worthy of investigation.
In this work, the feasibility of employing such hybrid technology, termed as 'Heat Pipe Screw Dryer', or HPSD, as an alternative for the spray dryer in ceramic processing is assessed. A novel continuous drying technology with device compactness leading to process intensification and energy-efficiency as its core operational principle has been developed and tested with the following objectives:
1. To characterize the operating conditions (filling ratio, inclination and temperature) for which the annular heat pipe gives the lowest thermal resistance between the evaporator and condenser, creating an excellent thermal conductor.
2. To study the drying of ceramic slurry under the optimum conditions obtained for the filling ratio and inclination of the annular heat pipe (see objective no. 1), in order to understand the relationship between operational parameters, such as material residence time and heat pipe temperature, and process responses, such as moisture reduction and energy consumption.
2 Material and methods 2.1 Experimental rig design and set-up Figure 2 shows the overview of the heat pipe screw dryer rig design containing a screw conveyor inserted inside an annular heat pipe. The important dimensional properties are shown in Figure 3 and 6. The screw conveyor had a total flighted length of 600 mm and both pitch and the outer diameter were 30 mm. The clearance between the screw and the barrel (inner wall of the inner tube) was 2.4 mm. It was constructed from 316-grade stainless steel to provide a good corrosion resistance in moist environment [20] . The screw was driven by a gear and motor assembly (Panasonic GV AC brushless motor) with a variable speed of 1 to 40 rpm and a resolution of 0.5 rpm. The annular heat pipe was also constructed from 316-grade stainless steel. It was welded with end plates to create a vacuum-tight container. It contained a pre-defined amount of water as the working fluid, dependent on the selected filling ratio. Hydraulic pressure tests rated the vessel to be 40-bar proof (carried out in Thermacore, Ashington), which conformed to the recommended rating of 2.5x maximum saturated vapour pressure (for 200C, 2.5*15.5 bar = 31 bar) [15] . Prior to the welding of the container components, a pre-cleaned and deoxidised stainless steel screen mesh (200 mesh size i.e. 200 pores per linear inch, double rolled) was spot-welded to the inner wall of the outer tube to function as a capillary wick, which would enable the condensate to return to the evaporator section from the condenser during the evaporation/condensation cycle. Spot welding ensured a close contact with the wall, thereby maximizing thermal conductivity and minimizing local hot spots [21] . A degassing valve was welded to the outside of the outer tube to facilitate working fluid injection as well as to evacuate air via a pump to create a vacuum environment within the vessel. The working fluid used was deionized water due to its ease of handling and its proven operating temperature range of 1 to 325C, as the range investigated in the HPSD experiments was 100 to 200C [15] . A glass fibre heating tape (Electrothermal HT9, 244 cm length) was wrapped around the outer tube to create the evaporator section of 345 mm in length and the remaining length from 345 to 515 mm was designated as the condenser (Figure 4(a) ). The evaporator therefore, constituted 67% of the overall length of the heat pipe and represents the first iteration of its size and the only one used in this paper. As a future work, the length would be varied as an experimental factor. As it was not applicable for the HPSD, no adiabatic section was specified. Type-K thermocouples (TC Direct, 1.5 mm diameter, accuracy:
±0.75%) were placed along the axial length of the outer tube surface (TC-sX) and inside the annular vapour space (TC-vX). Temperature was continuously recorded using a data logger (Picolog TC-08, accuracy: ±0.5C or ±0.2%) and stored in a computer. Two thermocouples were placed inside the barrel space at each end of the evaporator and condenser (TC-fX) for the heat pipe characterisation study, which were subsequently removed prior to the moisture reduction study to enable the installation of the screw conveyor. Figure 4 (b) shows the location of these thermocouples. To minimize heat loss to the environment, a three-layer fibreglass insulation (Fortaglas GW304, borosilicate E glass, 3mm thickness, thermal resistance: 20 m.K/W) was wrapped around the entire outer tube.
The start-up of the heat pipe involved injecting by a syringe through the degassing valve a predetermined amount of water depending on the chosen filling ratio as an experimental factor (further discussed in Section 2.3.5). The air was drawn by a vacuum pump (KNF Neuberger VP Series, 0.3 bar)
to create a vacuum environment. The heating was then switched on (at the controller) until a set steady state temperature was reached. Temperature differentials along the axial length (surface, vapour space and barrel space) at steady state were then recorded for analysis.
The ventilation port was located at the end of the barrel (Figure 2 ). Its primary function was to provide a sufficient ventilation in order to remove the moisture created during the drying experiments, as recommended by Van den Hil, 2016 [22] . It was also used as an inlet or outlet for a hot air blower (Hakko FV310, 80C, 0.15 m
Ceramic slurry
The material processed in the HPSD was a ceramic raw material slurry from Euroatomizado, Spain (http://www.grupoeuroatomizado.com), normally processed in a spray dryer. The material arrived in batches with a median moisture content of 33 wt. % (wet basis). The solid components were a mixture of plastic clay, pheldpars, sands, caolin and dispersant as provided by the company. Figure 12 (a) shows its original physical form prior to the drying process.
Tile press and analysis
The HPSD derived products that reached the target final moisture content of ≤ 7 wt. % were shipped to the laboratories of ITC (Instituto de Tecnologia Ceramica) in Valencia, Spain for tile pressing. The samples were assessed via microscope imaging and any constituent particles bigger than 1 mm were reduced in size to 500 μm particles. These particles were then pressed (under 250 kg/cm 2 pressure) into cylindrical test specimens (40 mm diameter, 7 mm thickness). These specimens were dried at 110°C in an oven with recirculating air. They were then weighed and the bulk density was determined by the mercury immersion method. After this, they were fired with a fast firing cycle (heating rate = 25°C/min) and a 6-min hold up at the peak temperature of 1100°C in an electric laboratory kiln. After firing, they were reweighed and the bulk density was measured. Firing shrinkage was evaluated as the difference between the dry and fired specimen diameter, on a dry weight basis.
Analysis

Moisture content
The moisture content was determined based on the method outlined in British Standard BS EN ISO 18134-3:2015 document for general analysis sample [23] . The moisture content of samples and the reduction in moisture were calculated based on Equation 1 and 2.
( . %) = (
Equation 2 Where m1 refers to the mass of the empty dish plus lid. m2 and m3 refer to the mass of the dish plus lid plus test portion before and after drying, respectively. All masses were measured in grams (g).
Residence time
Residence time refers to the time of particles/fluid spent in a control volume. In this study, the residence time was approximated by measuring the sample passing time in the barrel with the use of a digital timer (Cole Palmer Single Channel, accuracy: ±0.01%), as carried out in Kaplan and Celik [11] .
The data were then used to compare with a model introduced by Fayed and Skocir [24] , as indicated in Equations 3 and 4.
Equation 4 indicates that the residence time is inversely proportional to the rotational speed. This is a very simplified model as it neglects material properties and characteristics e.g. powder, granular or slurry. It is also independent of temperature, barrel clearance size and barrel fill percentage, which all could impact the residence time independently or interactively.
Mass balance
A mass balance was primarily carried out to quantify the solids buildup (fouling), based on Equation 5
to Equation 8 .
Subscripts s and l are the masses of solid and liquid, in and out are the materials remained and exited, and l-lost and l-remained are the liquid evaporated off a material and the liquid remained in a material after evaporation, respectively.
Specific moisture extraction rate
For drying, an appropriate efficiency parameter is the specific moisture extraction (evaporation) rate (SMER) as defined by Mujumdar et al. 2009 [25] in Equation 9 .
Power consumption by both the heat pipe and screw conveyor was measured by the Energenie ENER007 Power Meter (accuracy: ±2%).
Heat pipe filling ratio
Heat pipe filling ratio describes the volume of working fluid present in the annular heat pipe per available unit volume of the evaporator, as defined in Equation 10 . Based on the key dimensions of the heat pipe including the evaporator section length as shown previously in Figure 4 (a), the volume of the evaporator was calculated as 1047 ml. Based on previous studies [26, 27] , the filling ratio was recommended to be ~30%. Taking this value as the median with additional upper and lower values, three filling ratios were chosen: 11% (110 ml), 27% (280 ml) and 43% (450 ml).
Equation 10 2.3.6 Effective heat pipe thermal resistance A heat pipe functions properly when the effective thermal resistance is low. It is defined as the overall heat pipe temperature difference at a given design power, which can be described in the following Equation 11 [21] . It takes into account the resistances due to conduction through the wall and wick, evaporation or boiling, axial vapour flow, condensation and conduction losses through the condenser's wick and wall [28] .
Equation 11
Where P refers to the power input to the heat pipe, measured by the Energenie ENER007 Power Meter (accuracy: ±2%). Thot and Tcold are the average surface temperatures of the evaporator (hotter region) and the condenser (cooler region), respectively. This parameter can also be expressed in (K/W).
Overall heat transfer coefficient
The overall heat transfer coefficient, U, refers to how well heat is transferred over a series of heat transfer media (or layers), through which conduction and/or convection occurs. It is represented in Equation 12 .
( ) =̇ * * ∆ Equation 13 Where Q is the rate of heat taken up by the material (W). This parameter is not to be confused with the measured power, P, to the equipment, as Q refers to the measured energy uptake by the slurry material. ṁ is the material flow rate (kg/s) fixed at 8.33 x 10 -3 kg/s. Tmaterial is the temperature difference of the material (final -initial). Cp is the ceramic slurry specific heat (J/kg.K), assumed to be 920 J/kg.K. This specific heat value was assumed to be constant with temperature due to the lack of ceramic thermophysical data in literature [29] . A is the area of heat transfer, defined as the area of the inner surface of the inner wall (m 2 ) [7] . TLMTD is the logarithmic mean temperature difference between the medium (heat pipe) and the slurry.
Design of experiments 2.4.1 Experimental rigs
Two sets of geometrically identical rigs were manufactured in succession. The first rig was certified to operate only up to 150C. However over time, the need to operate higher temperatures arose, therefore a second rig was manufactured with a better TIG (Tungsten Inert Gas) welding (Thornhill, Newcastle) and thus certified to operate at 40 bar maximum, a safe pressure threshold to operate up to 200C. The same screw conveyor was used in both rigs in exception for the second rig, by which the screw was thinly coated (20 to 50 μm) with 'Xylan 1070 Black' (Bettablast, Shiremoor). The coating contained composites of fluoropolymers and reinforcing binder resins that would reduce friction, improve wear resistance and provide non-stick properties [30] . Hence, this enabled a fouling remediation study to be conducted. The screw speed range is similar for both rigs: 1 -40 rpm.
Experimental procedure
The procedure is summarized in Figure 5 . For each experimental run, the heat pipe was started-up until it reached a steady state temperature. A 500.00 ± 0.05 g ceramic slurry was manually poured into the inlet port whilst the screw rotated at a set speed. While the drying process occurred, power to the heat pipe and screw conveyor were recorded and the temperature profiles were logged for analysis. The sample at the outlet was weighted and its moisture content analysed. At the end of the each test, a continuous flow of water was poured in until it ran clear in order to remove any solids build up and to prepare a clean barrel for the subsequent experimental run. The solids build up was recovered for fouling analysis. Figure 5 . A graphical summary of the experimental procedure for the moisture reduction study.
Full factorial design
The experimentations were categorized into two sets, which were carried out in succession: 1) heat pipe characterisation and 2) moisture reduction of the ceramic slurry. The former was carried out in order to find optimised conditions from all factors that would result in the best heat pipe performance prior to the ceramic drying process. This is defined as the smallest thermal resistance along the axial length of the pipe, which is a function of the temperature differential between the evaporator and condenser sections: the smaller the value, the lower the resistance.
Three factors with three levels were investigated as shown in Table 1 and the response was the temperature differential (dT) between the evaporator and condenser sections in the 1) vapour space,
2) barrel space and 3) on the outer surface of the outer tube. The moisture reduction experiments involved two independent, controllable factors: 1) heat pipe temperature and 2) screw speed, and residence time as a dependent, but observed factor (Table 2) .
Experimental responses were: 1) temperature differentials, 2) final product moisture content, specific moisture extraction rate (energy efficiency) and 3) fouling level. /min, co-current) was used to further dry the slurry (refer Section 3.2.3). These additional runs were added to investigate whether the moisture reduction could be reduced further to result in the final moisture content of ≤ 7 wt. %, for direct tile pressing.
 For Rigs 1 and 2, 'long-term' tests to assess fouling on each of the non-coated and the Xylancoated screws were carried out. This involved a continuous pouring of slurry for 1 hour at 150C and 20 rpm (median settings). The screw was taken out in each case, left to dry under ambient conditions (12 hours) and the fouled materials were removed and weighed as dry mass.
Unless stated otherwise, all temperatures are referring to the heat pipe heater settings at the controller. The other temperature readings are referring to the heat pipe surface, vapour space or barrel space temperatures. Experiments were replicated three times for each set, for their reproducibility. Error propagation was applied whenever necessary. From analyses, the experimental uncertainties did not exceed 7.2%, which was acceptable (i.e. under 10%).
3 Results and discussion
Heat pipe characterisation study
It is known that a heat pipe functions properly when the overall thermal resistance is low [21] .
Therefore, the main purpose of the heat pipe characterisation study was to find an optimum condition from three different factors i.e. heat pipe filling ratio, inclination and temperature in which the resulting temperature differential should be minimized. This would also allow for a greater understanding between the interplay of the aforementioned factors and the heat pipe performance.
For simplicity, the following discussion involves mainly the vapour space temperature differential, dTv = TCv1 -TCv3 (for thermocouple locations, refer to Figure 4 (b)) as the important processes of evaporation and condensation occur here. Analysis of variance indicated that among the three variables, the effects of filling ratio and inclination were significant (the significance cut-off was defined as p < 0.05) with p = 0.000 and 0.010, respectively. Whereas the effects of temperature was not, as p = 0.290. Therefore, the following discussion focuses on the former two factors for further simplication.
As shown in Figure 6 , the trend for the barrel space temperature differential (dTf = TCf1 -TCf2)
indicates that it correlates well with that in the vapour space (dTv), which can be attributed to the radial heat transfer from the vapour space to the barrel space. It also shows that the dTv was reduced to negative values with the increase of both filling ratio and inclination. In other words, in some cases, the condenser was hotter than the evaporator, which was unusual for heat pipes. The reasons for this observation will be discussed later. The range of the dTv was from -47.5 to 8.5K. The conditions that would provide smallest temperature difference were found to be 200°C, 11% filling ratio and fully horizontal i.e. 0° inclination (dTv = 1.7K) whereas the adverse conditions correspond to 200°C, 43% filling ratio and fully vertical i.e. 90° inclination (dTv = -47.5K).
Examination of the outer surface axial temperature is presented in Figure 7 for 11% filling ratio. It shows an isothermal condition from 345 to 475 mm. The distance from 0 to 345 mm was where the heating band was wrapped (evaporator), therefore the temperature here was higher. Heat input (in wattage) was a function of temperature setting: 272 W (100°C), 280 W (150°C) and 302 W (200°C).
The profiles show that the temperature changed uniformly with the addition of power, therefore the annular heat pipe was operating satisfactorily [25 -26] .
Global thermal resistance of the annular heat pipe as a function of temperature evolution along the axial length of the wall was calculated and plotted in Figure 8 . It shows that the resistance was smallest at 0.08°C/W (horizontal, 272 W) and largest at 0.31°C/W (inclined, 272 W). It also shows that the resistance changed slightly with changes in heat input. The resistance reduced slightly with heat input for the inclined and vertical orientations, whereas it increased slightly for the horizontal orientations.
In general, thermal resistance in heat pipes should reduce greatly with heat input because higher heat input increases heat transfer effectiveness due to the improvement in nucleate boiling activity in the evaporator, which reduces thermal resistance in this region and hence, improving the overall resistance along the pipe. However, the effect is hard to observe in the annular heat pipe of present work because the heat input range investigated was relatively small at 30 W (272 to 302 W) compared to other works. This was because at 302 W, the vapour temperature already reached the vapour pressure safety limit and lower than 272 W heat inputs were deemed too small for useful CAHP operation as a continuous dryer. In general, the annular heat pipe of present work with 11% filling ratio performed within normal parameters at any angles and heat inputs investigated, because as a guideline, the global heat pipe resistances should be less than 1°C/W [27] . For experimental simplicity, the horizontal orientation was selected at 11% filling ratio, which gave 0.08 to 0.18°C/W resistance, for 272 to 302 W, respectively. The hotter condenser phenomenon could be due to the very thick layer of the working fluid at inclinations (45° -90°), which was 38.2 mm (based on a simple calculation) for the fully vertical (90°) heat pipe. For the fully horizontal (0°) heat pipe, prior to heating, the water spread evenly along the bottom of the pipe, thereby only a thin layer needed to be heated and eventually the condensation/evaporation cycles occurred after a period of time. As the inclination was increased from 0° to 45° to 90°, the similar amount of water occupied the entire bottom portion of the pipe, instead of being spread out. The highest negative difference in temperature (dTv = -48.0K) for the 43% filling ratio (Figure 9(a) ) was indicative of this larger amount of water to be heated. From calculations, thermal resistance for the 38.2 mm water thickness was 6.0 x 10 -2 K/W, whereas for the 3.2 mm stainless steel outer wall, 1.6 x 10 -4 K/W. Due to this relatively low resistance along the outer pipe wall (Rwall/Rwater = 0.003), the heat could have been prominently conducted to the condenser section via the wall over the evaporation process. For the 43% filling ratio, the evaporator of the fully vertical pipe (90 o ) struggled to reach 115.0 ± 0.9K when its condenser had already reached 165.0 ± 1.2K at steady state. It implies that evaporation did occur, but the returned condensate replenished the huge volume of water that needed to be heated. Therefore, the evaporator thermocouple, TC-v1, was actually measuring the heated liquid phase, whereas the condenser thermocouple, TC-v3, was measuring the vapour phase (refer Figure 9(b) ). While keeping the same filling ratio of 43%, but inclined at 45° angle, the dTv was reduced from -48.0K to -29.3K. As the filling ratio was further reduced down to 11% while the heat pipe remained in a vertical position, the dTv was substantially reduced to -1.7K. In comparison, the horizontal pipe temperature profile for 11% filling ratio shows a near isothermal condition (Figure 9(a) ). It can be suggested that should it be necessary for the pipe to operate at an angle to increase the material residence time or for any other reasons, the filling ratio must be reduced to a minimum, feasible value, e.g. for the current HPSD, 11%. 
Moisture reduction of the ceramic slurry
This study investigates the correlation between heat pipe temperature and screw speed on the material residence time (as an uncontrollable, but observed factor), moisture reduction of the slurry, energy efficiency and fouling. The optimized heat pipe conditions from the previous characterisation study were employed i.e. 11% filling ratio, horizontal configuration (0°) and at 200°C. A full tabulated data for the moisture reduction experiments can be found in Table 3 .
The residence time is plotted against screw speed and temperature in Figure 10 . The residence time was inversely proportional to the screw speed, as postulated by the model of Fayed and Skocir [24] , presented in Equation 4 . However, temperature also affected the residence time i.e. as the slurry experienced higher moisture loss with increasing temperature, the material became more 'cakey' and more resistant to flow. At the smallest moisture reduction of 10%, the deviation from the model was 9% but, at the largest moisture reduction of 46%, the deviation was enormous at 116% (refer Table   3 ). This shows that this simplistic model cannot be used to describe the residence time in screw conveyor with an associated moisture loss process in the material conveyed, therefore a better model is desirable to be formulated.
Moisture reduction plotted in Figure 11 shows a progressive response when changes were made in the residence time and temperature. The smallest moisture reduction of 10% (final moisture content: 
Energy efficiency
An appropriate efficiency parameter for drying is the specific moisture extraction rate (SMER), which was defined in Equation 9 as the amount of water removed per unit of input power. Power was utilised to rotate the screw and to increase the temperature of the heat pipe. Power consumption is plotted against screw speed and heat pipe temperature in Figure 13 to that for the heat pipe: at most, only 10%. The SMER is plotted in Figure 13 (c) against temperature and residence time. This trend is similar to the trend for the moisture reduction shown in Figure 11 because the SMER is proportional to the amount of water evaporated, as well as due to the linearity of the power consumption. Under the best conditions tested in this study, the efficiency was 2.04 ± 0.07 kg moisture removed/kWh (at 260.0 ± 5.0 s, 200°C), which was superior to conventional drying technologies including spray dryers (0.5 to 1.0 kg water removed/kWh) [25] . It was however, less efficient than steam compression dryers and heat pump dryers, reported to achieve 10.0 kg/kWh in certain conditions [31] . As no reports of SMER could be found for other screw conveyor dryers in the literature, a comparison between the HPSD and other conveyor dryers could only be made via the overall heat transfer coefficients as further discussed in Section 3.2.4. The HPSD's excellent energy efficiency can be attributed to the heat pipe efficiency as a thermal conductor, with very low thermal resistance at optimum conditions (as shown in Figure 8 ) as well as no pumping requirement of fluids compared to the active heating methods such as hot water, steam, oil, etc. 
Fouling
The fouling was quantified in this work based on Equation 8 . Two cases were investigated: (1) the noncoated screw (up to 150°C) and (2) the 'Xylan'-coated screw (up to 200°C). Xylan is a composite of fluoropolymers (PTFE, PFA and FEP), which is commonly used for friction reduction, wear resistance and non-stick application. It can also withstand operational temperatures up to 285K [30, 33] . The barrel, however, was not coated due to technical difficulty. It was found that fouling from 3 to 62%, as the moisture reduction was increased from 10 to 46%, respectively (Figure 14) . Figure 15 shows its behaviour at different moisture conditions. At lower moisture reductions (Figure 15(b) ), the slurry was still mobile as it had an ample amount of moisture to move through the barrel and was easily conveyed by the screw. As the moisture was further removed, the slurry became 'cakey' and stuck to the surfaces of the barrel wall mainly (Figure 15(c) ). Figure 15(d) shows an extreme solids buildup on both the barrel wall and screw after a long-term test (1-hour continuous operation, 150°C, 20 rpm). The maximum thickness of this fouled layer could be roughly estimated as the clearance between the screw and the barrel. In continuous processing, this fouled layer would present an added thermal resistance, causing heat transfer inefficiency as well as material loss. A simple solution would be to reduce the clearance to a bare minimum e.g. 0.0 -0.5 mm, so that as it rotates, the screw would scrape this layer off as it starts to buildup. A design guideline by Waje et al., 2007 [7] mentioned that the recommended clearance is 1.5x the size of maximum particles to be processed, to prevent the material jamming the machine and the loss of energy, but this is only applied for powders or crystalline materials, and not slurry-type material. It is also apparent from the plot in Figure 14 that the coating on the screw had little impact upon fouling remediation. On average for all experimental conditions, the overall fouling was only reduced by 10% despite the fouling on the coated screw being reduced by 55% compared to the non-coated screw ( Figure 16 ). This unexceptional remediation can be attributed to the non-coating of the inner barrel wall where most of the solids build up occurred as shown in Figure 15 
Extreme conditions carried out in the first rig and with a heater blower
In the first rig where the temperature was limited to 150°C, the maximum moisture reduction This procedure was already described in Section 2.2.1. The samples had to be remoistened in ITC due to some moisture loss during shipment. With the samples being non-spherical and with a global size of > 1 mm (Figure 17 (c)), they did not conform to the requirements for ceramic processing and had to be milled to particles less than 500 μm in size. Cylindrical tile samples were then pressed and fired in a kiln (Figure 17(d) ). Analysis was carried out and the results are shown in Figure 17 (e). The low shrinkage value of 10% (< 10% as an industrial guideline) under 1100°C temperature meant that tile had a great dimensional stability [35, 36] .
Due to the heavy penalties imposed by this method, the conditions were not repeated in the second rig. In addition, the non-conformity of the dried product's morphology implied that an additional ceramic size reduction process downstream was necessary. Overall, these factors were disadvantageous to the development of a compact and energy-efficient drying technology and further tests with the air stream were therefore not pursued. 
Heat transfer analysis
The temperature profiles logged along the heat pipe surface as well as inside the vapour space are beneficial in understanding the mechanism of heat transfer from the annular heat pipe to the material. The outer heat pipe surface temperatures, logged by thermocouples TC-s1 to TC-s5 in Figure   18 
Outlook on HPSD for ceramic slurry drying
Even with the driest possible product, the quality did not match the granular product of spray dryer (pasty vs. granular). One approach is to compress the product in a roller compactor and subsequently milled through screen downstream of the HPSD so that the product can then be pressed into tiles. The benefit of using HPSD in this manner would only be feasible should these additional unit operations not compromise on the energy already saved by using the HPSD. Various scale up approaches for the HPSD may be considered, including:
 Increasing the screw speed i.e. process-based scale up, but this needs to be done with care
i.e. process optimisation must be carried out to ensure conformance with required product moisture content.
 Raw material feed rate can also be increased to increase throughput.
 Parallel HPSDs in operation, employing similar process conditions to provide higher throughputs.
 The heat pipe and screw diameters can be increased to some extent to allow more material to be processed per unit time while still maintaining acceptable heat transfer capacity and energy usage.
To further improve the HPSD design and operation, several measures can be considered for implementation as follows:
 The hollow screw conveyor can be filled with a cylindrical heating element to supplement the heat transfer from the heat pipe as well as to increase the heat transfer area.
 The current clearance between the screw and the barrel of 2.4 mm can be reduced to a minimum e.g. 0.5 mm to scrape the developing fouling layer as the screw rotates. This would also increase its overall heat transfer coefficients as a thermal barrier is removed.
 The 'Xylan'-coating can be applied to the inner barrel surface, in addition to the screw tested in this study, to reduce fouling which occurred predominantly on this heat transfer interface.
 The HPSD is designed to be flexible in the material handling and therefore it could be well suited for the drying of granular, crystalline or powder-type materials. Also, lower drying temperatures than those tested in this present study are possible for heat sensitive materials typically encountered in food and pharmaceutical processes if a different heat pipe fluid (such as methanol) is employed.
Conclusions
In this work, a 'Heat Pipe Screw Dryer' (HPSD), a hybrid of the annular heat pipe and screw conveyor technologies was designed and characterised as a novel, continuous and compact dryer for the drying of a ceramic slurry. Under optimised heat pipe operating conditions of 200C, 11% filling ratio and horizontal orientation, the HPSD was able to reduce the moisture content of the ceramic slurry from 33 wt.% to 18 wt.% at a residence time of 260s (screw speed of 10 rpm). The energy efficiency of moisture removal was 2.04 kg/kWh, which was 3 -8 times higher than common drying technologies e.g. fluidised beds, rotary and spray dryers, although final product may require further refinement downstream. With the addition of a hot air stream sweep, the final product moisture could be reduced to 7 wt. %, a desired level for direct tile pressing. However, this caused up to 50% reduction in energy efficiency and a very high fouling penalties. Although fouling increased significantly when increasing moisture removal rates, this could be addressed by coating contact surfaces with a nonstick coating material such as the 'Xylan' coating tested in this study or by minimising the clearance between the screw conveyor and the barrel surface. With a 35% higher overall heat transfer coefficient than a conventional steam jacketed-screw conveyor dryer, the HPSD offers a feasible opportunity for more efficient heat transfer and drying of a variety of materials in slurry, granular, crystalline or powder form in a safe and compact device. Further work on residence time distribution of solid in the HDSP is required to establish clear correlations between product properties and operating conditions.
